Salinity adversely affects plants resulting in disruption to plant growth and physiology. Previously, it has been shown that these negative effects can be alleviated by various exogenous polyamines. However, the role of spermidine (Spd) in conferring salinity tolerance in sorghum is not well documented. The effect of exogenous Spd on the responses of sweet sorghum (Sorghum bicolor L.) seedlings to salt stress (150 mM NaCl) was investigated by measuring photosynthetic carbon assimilation, Calvin cycle enzyme activities, and the the expression of respective genes. Application of 0.25 mM Spd alleviated the negative effects of salt stress on efficiency of photosystem II and CO2 assimilation and increased the activities of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) and aldolase. Salt stress significantly lowered the transcriptions of genes encoding Rubisco large subunit, Rubisco small subunit, 3-phosphoglyceric acid kinase, glyceraldehyde-3-phosphate dehydrogenase, triose-3-phosphate isomerase, fructose-1,6-bisphosphate aldolase, fructose-1,6-bisphosphate phosphatase, and sedoheptulose-1,7-bisphosphatase. However, transcriptions of genes encoding phosphoribokinase and Rubisco were up-regulated. The Spd application enhanced expressions of most of these genes. It appears Spd conferred salinity tolerance to sweet sorghum seedlings by enhancing photosynthetic efficiency through regulation of gene expressions and activities of key CO2 assimilation enzymes.
Introduction
Salinity is a major environmental factor inhibiting crop growth and productivity (Parida and Das 2005) . It has been observed that in various plants, salinity induces an increase in endogenous polyamines (Das et al. 1995 , Chattopadhayay et al. 2002 . Polyamines, such as putrescine (Put), spermidine (Spd), and spermine (Spm) are involved in various physiological and biochemical processes related to the regulation of plant responses to different environmental stresses (Takahashi et al. 2010 , Roychoudhury et al. 2011 . This allows the plant to be protected from these stresses by scavenging free radicals, stabilizing membranes, maintaining a cation-anion balance, and stimulation of ATP synthesis (Bouchereau et al. 1999 , Ioannidis et al. 2006 . Furthermore, polyamines have pivotal roles in many other cellular processes including gene expression, DNA and protein synthesis, regulation of ion channels, and providing protection from oxidative damage (Duan et al. 2008) . Several studies reported that application of exogenous polyamines is an effective approach for enhancing salinity tolerance of plants and for protecting plant cell structure; they could be used to improve the productivity of many crops under salinity stress (Chattopadhayay et al. 2002 , Verma and Mishra 2005 , Chai et al. 2010 , Roychoudhury et al. 2011 , Shu et al. 2014 . Spermidine is the most important PA and is closely associated with stress tolerance in several plants (Kasukabe et al. 2004) . It was shown that the application of Spd results in enhancing salinity tolerance of maize (Jiang et al. 2000) and cucumber (Duan et al. 2008 , Shu et al. 2014 . Our previous study reported that application of Spd successfully alleviates salt stress by enhanced antioxidant defense systems in wheat seedlings (El Sayed et al. 2018) . Furthermore, exogenous Spd plays major roles in preventing plasma membrane damage in rice plants in response to salinity stress by preserving membrane integrity (Roy et al. 2005 Roychoudhury et al. 2011 ). This is supported by studies which show Spd-mediated protection of antioxidant capacity and decreased content of superoxide anion and malondialdehyde (Liu et al. 2006 , Farooq et al. 2009 . It is also speculated that Spd could act in stress signaling pathways (Kasukabe et al. 2004) .
Salinity stress induces a decrease in photosynthetic efficiency that is often associated with inhibition of photosystem II (PSII) activity (Lu and Vonshak 2002 , Xia et al. 2004 , Kalaji et al. 2011 , and it is considered to be the main site of salt stress-mediated damage to electron transport processes (Baker 1991 , Mehta et al. 2010 . Plants treated with Spd alleviate the salinity-induced inhibition of photosynthetic capacity, but this effect depends on Spd concentration and the severity of stress (Shu et al. 2014) . It has been reported that exogenous Spd increases photosynthetic rates and photochemical efficiency of PS II of cucumber seedlings under salt stress (Duan et al. 2008) . Despite studies showing the involvement of polyamines in plant responses to abiotic stresses, the mechanism of exogenous Spd alleviation of salt induced inhibition of photochemical efficiency in higher plants remains largely unknown.
In the present study, we tried to understand the physiological function of exogenous Spd in the tolerance of sweet sorghum to salt stress. The importance of this crop not only for feeding animals but also as an alternative source of energy has been highlighted (Smith and Buxton 1993, Steduto et al. 1997) . In addition, various sweet sorghum cultivars are able to grow under soil salinity and water deficiency. We therefore examined how exogenous Spd affects sweet sorghum response to salinity with respect to photosynthetic capacity, carbon assimilation, Rubisco and aldolase activities, and the transcription of genes encoding enzymes involved in the Calvin cycle.
Materials and methods
Plants and treatments: Seeds of sweet sorghum (Sorghum bicolor L. cv. Topper-76-6) were surface sterilized with 3 % (m/v) sodium hypochlorite solution for about 15 min and rinsed several times with sterile distilled water. Aseptic seeds were germinated in Petri dishes between two sheets of filter paper moistened with sterile water, and the seeds were germinated in a growth chamber at a temperature of 29 ± 1 °C. The germinated seeds were then transferred and grown in pots containing washed quartz sand with a half strength Hoagland nutrient solution (three plants per pot) in a growth chamber with a 12-h photoperiod, an irradiance of 450 μmol m -2 s -1 , day/night temperatures of 25/20 °C, and a 60 % relative humidity. Ten-day-old seedlings were subjected to salt stress by adding NaCl to the Hoagland nutrient solution. To avoid osmotic shock, the seedlings were exposed to an initial concentration of 50 mM NaCl, which was gradually increased by 50 mM a day until the desired concentration was reached (100 or 150 mM). We used five different treatments: 1) control -the half-strength Hoagland solution; 2) the half-strength Hoagland solution with 100 mM NaCl); 3) the half-strength Hoagland solution with 150 mM NaCl; 4) the half-strength Hoagland solution with 100 mM NaCl and 0.25 mM Spd; and 5) the half-strength Hoagland solution with 150 mM NaCl and 0.25 mM Spd. The experiments were done in triplicates. Samples of fresh seedlings were harvested, directly placed into liquid nitrogen, and stored at -80 °C before analyses. To determine fresh mass (f.m.), seedlings was weighed after washing with sterile double distilled water. Then they were dried in an oven at 70 °C for 72 h to determine dry mass (d.m.).
Chlorophyll content, PS II quantum yield, and CO2 fixation rate: Leaves of sweet sorghum seedlings were harvested, acetone (80 %, v/v) was used for pigment extraction, and chlorophyll (Chl) a and Chl b were analyzed spectrophotometrically at the 663 and 645 nm, respectively. The relative content of Chl a and Chl b was calculated according to Lichtenthaler (1987) . The quantum yield of PS II was measured as a variable to maximum Chl fluorescence ratio (FV/FM) using a Mini-PAM fluorometer (Walz, Effeltrich, Germany) as described by Oelze et al. (2012) . Carbon dioxide gas exchange rates of sweet sorghum leaves under different treatments were measured with a portable gas exchange system (GFS-3000, Walz, Effeltrich, Germany).
Rubisco and aldolase activities:
Rubisco activity in leaf samples (200 mg) was estimated following the method of Wang et al. (2009) with some modification. A homogenization buffer consisted of 33 mM Tris-HCl (pH 7.5), 0.67 mM Na2-EDTA, 33 mM MgCl2, and 10 mM NaHCO3. The initial activity was determined in 150 mm 3 of assay mixture containing 100 mM Tris-HCl (pH 8.0), 2 mM Na2-EDTA, 20 mM MgCl2, 10 mM dithiothreitol, 10 mM ATP, 0.4 mM NADH, 140 mM NaHCO3, 2.5 U of GAPDH, 1 U of 3-phosphoglyceric phosphokinase, 0.06 mM ribulose-1,5-bisphosphate (RuBP) and 25 mm 3 of the enzyme homogenate. Enzyme activity was assayed by following decrease in absorbance at 340 nm for 3 min using a spectrophotometer. Aldolase activity was assessed following the method of Mustroph and Albrecht (2003) . Aldolase activity was assessed by following a decrease in absorbance at 340 nm for 1 min. Total soluble protein was estimated by using the Bradford (1976) method.
Determination of mRNA content: Total RNA was isolated using a RNeasy mini kit (Qiagen, Hilden, Germany), and cDNA synthesis were carried out using a first strand cDNA synthesis kit (Fermentas, Sankt Leon-Rot, Germany). The PCR program including the design of primer sets was optimized using semi-quantitative PCR with different numbers of PCR-cycles. Primer pair combinations used are listed in Table 1 Suppl. The results of reverse transcription semi-quantitative PCR of genes related to Calvin cycle enzymes are presented in Fig. 1 Suppl.
A real-time quantitative PCR analysis was performed using an iCycler thermal cycler (Bio-Rad, Hercules, USA) with iQ SYBR Green Supermix (Bio-Rad) in a final volume of 20 mm 3 following the manufacturer's instructions. The iCycler was programmed to 95 °C for 1 min, 45 cycles at (95 °C for 30 s, 58 °C for 40 s, and 72 °C for 45 s), and then a final extension at 72 °C for 10 min followed by melting curve program (55 -95 °C in increasing steps of 0.5 °C). The Actin gene was used as a control for normalization. Efficiencies of each reaction were determined using the LinRegPCR software (Ruijter et al. 2009) . Signal values were subsequently derived from the threshold cycles, with the average background subtracted, using the equation of Pfaffl (2001) .
Alignment of sequences and construction of phylogenetic tree: Databank searches for homologies to Rubisco related genes [ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RbcL) and ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS)] and key genes of saccharide metabolism [3-phosphoglyceric acid kinase (PGK), triose-3-phosphate isomerase (TPI), sedoheptulose-1,7-bisphosphatase (SBPase), fructosel,6-bisphosphate phosphatase (FBPase), fructose-1,6-bisphosphate aldolase (FBA), ribulose-5-phosphate kinase (PRK), and ribulose bisphosphate carboxylase/oxygenase activase (RCA) were done (Fig. 5G,H) . The transcriptional levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] were performed using FASTA (https://blast. ncbi.nlm.nih.gov) and WU-BLAST2 (https://blast.wustl. edu based on basic local alignment search tool algorithm programs. Deduced amino acids sequences were aligned using CLUSTALW 2.1 applying the Dayhoff PAM 250 matrix (Larkin et al. 2007) . Phylogenetic relationships were determined using the Geneious program, v. 10.2.4 (www.geneious.com). Trees were performed using the UPGMA method. Bootstrap analyses with 500 replicates were performed to assess the robustness of the branches of the phylogenetic trees. The accession numbers of sequences are listed in Fig. 2 Suppl.
Statistical analyses: All data were analyzed by one-way ANOVA (Steel et al. 1997 ) using the MSTAT-C statistical package (M-STAT 1990) . Means were separated using the Fisher least significant difference test (α = 0.05).
Results
The salt stress caused no obvious effect on the growth of sweet sorghum seedlings at 3 h after treatment (Fig. 1A,B) . The treatment of Spd + 100 mM NaCl and Spd +150 mM NaCl caused an increase of fresh mass and dry mass at 15 d after treatment compared with salt stress alone (Fig. 1A,B) . Carbon dioxide assimilation rate, photosynthetic quantum yield (ΦPSII), and total Chl content were also investigated in sweet sorghum leaves under the same salt stress and exogenous Spd conditions ( Fig. 2A-D) . Differences in Chl content were observed only at 15 d and not at 3 h after treatment with 100 mM NaCl ( Fig. 2A) , however, total Chl content of the sorghum seedlings declined under 150 mM NaCl at both time points when compared to the non-stressed control (Fig. 2A) . The treatment of Spd + NaCl caused a significant increase of total Chl content when compared with the sorghum seedlings exposed to NaCl alone. The ΦPSII of the sweet sorghum seedlings was distinctly lower under salt stress treatments when compared with the control plants at both time points (Fig. 2B) . The lowest ΦPSII rate was observed under 150 mM NaCl treatment for 15 d. Exogenous Spd significantly increased ΦPSII of the sorghum seedlings under salinity stress compared with the plants exposed to salt stress alone (Fig. 2B) . Salt stress caused a significant decrease in both CO2 assimilation rate and intercellular CO2 concentration of the sorghum seedlings (Fig. 2C,D) . The lowest CO2 assimilation rate was observed after 3 h of 150 mM NaCl treatment. Exogenous Spd alleviated the salt stress-induced decrease in the assimilation rate and intercellular CO2 concentration compared to NaCl stress alone (Fig. 2C,D) .
Rubisco and aldolase activities were estimated in the sweet sorghum seedlings under NaCl stress and exogenous Spd treatments and compared with the untreated control plants (Fig. 3) . Rubisco activity was significantly inhibited Fig. 1 . Effects of 0.25 mM spermidine (Spd) on growth of sweet sorghum seedlings under 0, 100, and 150 mM NaCl measured after 3 h or 15 d (A -fresh mass and B -dry mass). Means ± SDs, n = 6 from three independent experiments. Different letters indicate significant differences among treatments (P < 0.05).
under salt stress already at 3 h after treatment (Fig. 3A) . The application of Spd caused an increase of Rubisco activity compared with salt stress alone and even the control plants (Fig. 3A) . Salt stress reduced aldolase activity in the sorghum seedlings (Fig. 3B ) and the effect of salt stress was more pronounced with 150 mM NaCl treatment at 3 h after treatment (Fig. 3A) . The application of exogenous Spd enhanced aldose activity in comparison with salt stress alone but more at 100 mM NaCl (Fig. 3B ).
Relative transcriptions of two genes involved in the Calvin cycle, namely ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (RbcL) and ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS) decreased in sorghum seedlings exposed only to salt stress when compared with the untreated control (Fig. 4A,B) . The lowest RbcL expression was observed at 150 mM NaCl treatment at 3 h (Fig. 4A) . The exogenous Spd increased the transcription of both genes under salt treatments (Fig. 4A,B) .
Transcriptions of eight key genes involved in saccharides metabolism related to the Calvin cycle significantly varied after NaCl and Spd treatments (Fig. 5A-H) . Under salt stress, the sorghum plants had significantly decreased transcriptions of PGK, TPI, SBPase, FBPase, and FBA at both time points (Fig. 5A,C,D,E,F) . In contrast, there were increased transcriptions of PRK and RCA (Fig. 5G,H) . Transcription of GAPDH decreased in response to 150 mM NaCl at 3 h but increased at 15 d compared to the unstressed control (Fig. 5B) . Application of Spd enhanced transcriptions of RCA and PRK at 15 d compared to the unstressed plants (Fig. 5G,H) . Transcriptions of PGK, TPI, SBPase, FBPase, and FBA increased when Spd was applied together with either 100 mM or 150 mM NaCl for 15 d compared with the respective salt-stressed plants. Transcriptions of RCA, FBPase, and FBA showed no significant differences between application of 100 mM NaCl and Spd + 100 mM NaCl at 3 h after treatments.
Ten genes involved in the Calvin cycle were used for phylogenetic analysis. Thirty sequences of RbcL gene were classified into two major groups (Fig. 2 Suppl.). Twenty divergent RbcL sequences were assembled in group I, which contained Saccharum officinarum, Sorghum bicolor, Sorghastrum nutans, and Zea mays with 100 % identity. Group I contained 10 sequences of RbcL from different plant species, with a sequence identity between 90 to 100 %. Regarding RbcS accessions, they were phylogenetically distant, belonging to two distinct clusters (Fig. 2 (Fig. 2 Suppl.) and Sorghum bicolor was separated into unique group associated with other Poaceae family species such as Saccharum officinarum, Zea mays, Hordeum vulgare, Triticum aestivum, and Oryza sativa. In contrast, the TPI Fig. 2 . Effects of 0.25 mM spermidine (Spd) on total chlorophyll content (A), quantum yield of PS II (ɸPSII) (B), CO2 assimilation rate (C), and intercellular CO2 concentration (ci) (D) in sweet sorghum seedlings under 0, 100, or 150 mM NaCl. Means ± SDs, n = 6 from three independent experiments. Different letters indicate significant differences among treatments (P < 0.05).
was not detected in the Sorghum bicolor genome according to available data presented at GenBank.
Discussion
Salinity is an environmental stress which results in limitation of CO2 fixation and in further decrease of photosynthetic capacity (Barhoumi et al. 2007 ). Paschalidis and Roubelakis-Angelakis (2005) suggested that exogenous Spd can regulate various physiological processes including plant growth and development. In the present study, salt stress significantly decreased Chl content and ΦPSII at both 3 h and 15 d of 150 mM NaCl treatment ( Fig. 2A,B) . Reduction of Chl content and damage to PS II are important factors leading to a lower photosynthetic rate. Application of Spd significantly enhanced Chl content and ΦPSII, thus improving plant growth under salt stress compared with the plants grown only under NaCl stress. The increase in photosynthesis may be attributed to the ability of Spd to enhance stomatal conductance and thus increase CO2 concentration in the cells (Shu et al. 2014) . It was also shown that exogenous Spd prevents the degradation of Chl in salt-stressed plants and protects the integrity of PS II (Roychoudhury et al. 2011 , Shu et al. 2012 . These results suggest that exogenous Spd optimizes energy distribution and protects the structure and function of the photosynthetic apparatus, thereby promoting initial electron transfer in PS II (Tang et al. 2018) . We also observed that salt stress inhibited CO2 assimilation and intercellular CO2 concentration of the sweet sorghum seedlings (Fig.2C,D) . Exogenous Spd significantly increased CO2 assimilation and intercellular CO2 concentration in the sorghum seedlings which were treated with 150 mM NaCl at 15 d compared with the salt-stressed plants (Fig. 2C,D) . The inhibition of photosynthesis in response to salt stress is also related to a restriction of the activity of Rubisco (Lu et al. 2009) . In this study, salt stress significantly inhibited Rubisco activity in the sorghum seedlings already at 3 h compared with the control plants (Fig. 3A) . However, addition of Spd together with NaCl increased the activity of Rubisco at 15 d after treatment suggesting that exogenous Spd alleviated the reduction of Rubisco activity in the sorghum seedlings under salt stress. This suggests that application of Spd strongly regulates photosynthetic carbon assimilation (El Sayed et al. 2018) . Photosynthetic CO2 fixation rate is known to be limited by Rubisco activity at a relatively low CO2 concentrations (Raines 2006) . Therefore, the increased Rubisco activity, as a result of exogenous Spd, results in the maintenance of high photosynthetic CO2 fixation rates Fig. 3 . Effects of 0.25 mM spermidine (Spd) on the activities of Rubisco (A) and aldolase (B) in sweet sorghum seedlings under 0, 100, or 150 mM NaCl. Means ± SDs, n = 6 from three independent experiments. Different letters indicate significant differences among treatments (P < 0.05). that lead to enhanced growth and productivity under salt stress. Aldolase activity was reduced in sorghum leaves under salt stress especially at 150 mM NaCl (Fig. 3B) . Aldolase activity is also inhibited in tobacco plants under salt stress (Yang et al. 2008) . In the plant, aldolase is a key enzyme involved in glycolysis, gluconeogenesis in the cytoplasm, and in regulation of CO2 fixation (Raines 2003) . Enhancement of aldolase activity could improve the flow of carbon through the Calvin cycle, which leads to an increase in amino acid and sucrose production (Raines 2003) . This would also lead to production of osmolytes and so to stress tolerance (Negrao et al 2017) . In our study, exogenous Spd increased the activity of aldolase in the saltstressed sorghum seedlings suggesting that application of Spd accelerated the carbon assimilation pathway through the Calvin cycle, leading to enhancing photosynthetic capacity that may contribute to salt tolerance (Shu et al. 2014) .
Calvin cycle enzymes are localized in chloroplasts and play an essential role in improvement of photosynthetic efficiency (Furbank and Taylor 1995, Raines 2003) by producing intermediates for glycolysis and/or building blocks for cellular components (Uematsu et al. 2012) . In this study, ten genes related to enzymes involved in the Calvin cycle were investigated and their transcriptions after treatments with NaCl and Spd. Salt stress markedly decreased gene expressions of RbcL and RbcS at 3 h, but the decrease was alleviated by exogenous Spd (Fig. 4A,B) . We speculate that the maintenance of photosynthesis in sorghum under salt stress by exogenous Spd could be due to the increased expressions of RbcL and RbcS genes as these two subunits regulate the structure and/or function of Rubisco (Spreitzer 2003 , El Sayed et al. 2018 . Expression of PGK was clearly lower under salt stress, but the application of Spd increased gene transcription. Salt stress also decreased the transcription of GAPDH at 3 h after treatment. Burzyński and Żurek (2007) suggested that PGK and GAPDH are enzymes necessary in the reduction phase of the Calvin cycle. Moreover, the decreased expressions of FBA and PGK indicate that salinity stress affected carbon assimilation (Shu et al. 2014) . However, exogenous Spd alleviated down-regulation of these genes to some extent, especially PGK, TPI, FBA, FBPase, and SBPase. Lv et al. (2017) suggested that enhancement of the activity of FBA could increase CO2 assimilation in plant leaf tissues. In addition, the FBA gene family plays significant roles in plants in responses to abiotic stresses such as drought, salt, heat, and low temperature (Lv et al. 2017) . The function of FBPase has been observed at the branch point between the regenerative stage of the Calvin cycle and starch biosynthesis with FBPase and SBPase catalyzing irreversible reactions (Kossmann et al. 1994) . Miyagawa et al. (2001) reported that the FBP/ SBPase-overexpressing plants accumulate more sucrose, hexose, and starch compared to wild type plants. Tamoi et al. (2006) reported that increasing SBPase activity in transgenic tobacco overexpressing this gene causes an improvement in photosynthesis and increases growth rate. In this study, the up-regulation of GAPDH, PRK, and RCA in the sorghum seedlings may be explained by an adaptation to salt stress. The application of exogenous Spd during salt treatment could regulate the salt stressmediated accumulation of transcripts of genes related to the Calvin cycle.
The phylogenetic analysis of enzymes involved in the Calvin cycle was performed for elucidation of the evolutionary history of these enzymes. As expected, based on the phylogenetic relatedness and the deduced amino acid sequences (Fig. 2 Suppl.) RbcL, RbcS, GAPDH, RCA, FBA, FBPase, SBPase, PGK, and PRK genes were identified in the Sorghum bicolor genome and shared a high relatedness to those in Saccharum officinarum, Zea mays, Hordeum vulgare, Triticum aestivum, and Oryza sativa. In contrast, the TPI gene was not found in the Sorghum bicolor genome according to available data presented at GenBank. Even though, TPI gene was expressed in the sorghum seedlings, and it was influenced by salt stress, primers were designed from the TPI gene of Cucumis sativus published on GenBank with accession number XM_004146969.2.
In summary, our results show that application of Spd was able to effectively up-regulate the transcription of Calvin cycle genes in order to improve and regulate the defense response of plants to salinity stress.
